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Abstract: We outline a scenario where both the Higgs and a complex scalar dark
matter candidate arise as the pseudo-Nambu-Goldstone bosons of breaking a global SO(7)
symmetry to SO(6). The novelty of our construction is that the symmetry partners of
the Standard Model top-quark are charged under a hidden color group and not the usual
SU(3)c. Consequently, the scale of spontaneous symmetry breaking and the masses of the
top partners can be significantly lower than those with colored top partners. Taking these
scales to be lower at once makes the model more natural and also reduces the induced non-
derivative coupling between the Higgs and the dark matter. Indeed, natural realizations
of this construction describe simple thermal WIMP dark matter which is stable under a
global U(1)D symmetry. We show how the Large Hadron Collider along with current and
next generation dark matter experiments will explore the most natural manifestations of
this framework.
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1 Introduction
The Standard Model (SM) of particle physics has great agreement with experiment, how-
ever it cannot be the complete theory of nature. One of the most pressing theoretical prob-
lems within the SM is the hierarchy between the weak and Planck scales. Both composite
Higgs models and constructions which protect the Higgs mass through a new symmetry
predict new particles or states with masses at or below the TeV scale.
Beyond this theoretical puzzle, there is overwhelming experimental evidence for dark
matter (DM) which also points to new particles and interactions beyond the SM. While
there is a vast and varied spectrum of possible DM candidates, weakly interacting massive
particles (WIMPs) are perhaps the most theoretically compelling. This is especially the
case when viewed through the lens of the hierarchy problem. Then the DM can natu-
rally obtain a weak scale mass and couplings, providing the observed DM density through
thermal freeze-out.
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However, both symmetry based explanations of Higgs naturalness and thermal WIMPs
have become increasingly constrained by experiment. Searches at the Large Hadron Col-
lider (LHC) have pushed the limits on the colored symmetry partners of SM quarks to the
TeV scale. At the same time a host of direct detection experiments are driving the limits
on WIMP DM cross sections toward the so-called neutrino floor. With the severity of these
constraints many new and interesting ideas for both Higgs naturalness and DM have been
explored.
Years before the Higgs was discovered [1, 2], it was pointed out that if the Higgs
mass parameter is insensitive to high scales because of a new symmetry, the symmetry
partners of the SM quarks do not need to carry SM color [3–7]. Since the discovery of
colored symmetry partners to SM quarks has not followed the discovery of the Higgs, more
realizations of color neutral naturalness have been explored [8–17]. Connecting DM to
neutral naturalness began with the Dark Top [6], and has flourished in the context of twin
Higgs models [18–30].
In twin Higgs models, the Higgs is a pseudo-Nambu-Goldstone boson (pNGB) of a
global SO(8) symmetry breaking to SO(7). The variety in DM candidates typically comes
not from the symmetry breaking structure, but by making particular assumptions about
the particle content in the twin sector. Other neutral naturalness pNGB constructions [7,
11, 12, 16, 17] employ smaller symmetry groups, but this move toward minimality makes
it more difficult to accommodate simple DM candidates.
However, as demonstrated in [31, 32], the six pNGBs that spring from SO(7)/SO(6)
can be associated with the Higgs doublet (respecting the custodial symmetry) along with a
complex scalar DM stabilized by a global U(1)D
1. The mass of the DM and its couplings
to the Higgs are determined by the symmetry breaking structure and the low energy fields
that transform under the symmetry. This necessarily includes the top quark for the model
to address the hierarchy problem. As a consequence, the collider bounds on colored top
partners lead to couplings between the Higgs and the DM that are near or beyond the
experimental limits [31, 34].
In the following section we construct a neutral natural version of the SO(7)/SO(6)
symmetry breaking pattern. As in other neutral natural models, the quark symmetry
partners are charged under a hidden color group SU(3)ĉ which is related to SM color
by a discrete Z2 symmetry in the UV. This means they can be much lighter, allowing
for additional freedom in the Higgs non-derivative coupling to the DM. These SM color
neutral top partners are electroweak charged and break the DM shift symmetry, generating
the DM potential. Thus, more natural top partner masses can lead to Higgs portal direct
detection signals that may not be fully explored until the next generation of dark matter
experiments. However, we do find that nearly all natural parameter choices lie above the
neutrino floor.
In addition, the new fields related to the top quark exhibit quirky [35] dynamics.
These less studied particles can be discovered at the LHC, providing a complementary
1A coset like SO(6)/SO(5) leads to five pNGBs which comprise the Higgs doublet and a real scalar field
which can be a dark matter candidate [33], however the stability of DM requires an additional dark pairity.
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probe of the model. In Sec. 3 we outline the most promising collider searches, including
both prompt and displaced signals. We find that the LHC already bounds the quirks with
U(1)D charges. Because these particles determine the coupling between the Higgs and
the dark matter, these collider bounds immediately inform the sensitivity of dark matter
experiments to the pNGB WIMPs. We also calculate the corrections to the electroweak
precision tests (EWPT) due to the presence of the new electroweak charged states.
In Sec. 4 we discuss the DM phenomenology, showing which parameter values lead to
the correct thermal relic density and elucidate how direct and indirect searches probe the
model. We find collider searches and direct detection experiments provide complementary
probes, both delving into the natural parameter space along different directions in param-
eter space. While current limits allow versions of this framework with ∼ 10% tuning, next
generation searches should be able to discover the quirks or DM, often in multiple channels,
down to ∼ 1% tuning. Following our conclusions, in Sec. 5, we include two appendices to
provide details relating to the work.
2 Neutral Naturalness from SO(7)/SO(6)
In this section, we describe a neutral naturalness model which includes the Higgs doublet
and a complex scalar DM candidate as pNGBs. This model is related to that of the
Refs. [31, 32], but crucially has color neutral top partners. The global symmetry structure
is SO(7)×U(6), where U(6) ' SU(6)×U(1)X ⊃ SU(3)c×SU(3)ĉ×U(1)X includes the SM
color group as well as a hidden sector color denoted SU(3)ĉ. This hidden color symmetry is
assumed to be related to the SM color group by a discrete Z2 symmetry in the UV. While
this discrete symmetry is broken at lower energies, this symmetry ensures that the Yukawa
coupling between the Higgs and top sector runs similarly in both theories. Though this is
a two-loop effect, it has been shown that, because the strong coupling is somewhat large,
it can significantly affect the fine-tuning of neutral natural models [36].
The additional U(1)X ensures SM fields have their measured hypercharges. At some
scale f the global SO(7) symmetry is broken to SO(6) ⊃ SO(4)C × SO(2)D ∼= SU(2)L ×
SU(2)R×U(1)D. Here the SO(4)C ' SU(2)L×SU(2)R is the familiar custodial symmetry
with SU(2)L being the usual SM weak gauge group and SO(2)D = U(1)D is the global
symmetry that stabilizes the DM. This construction also breaks the DM’s shift symmetry
in a new way. In particular, through color neutral vector-like quarks in addition to the
color neutral top partners. As we see below, the DM mass and its non-derivative couplings
are proportional to the masses of these color neutral vector-like quarks.
2.1 The Gauge Sector
We begin with the interactions amongst the NGBs and the gauge fields. The NGB fields
can be parameterized nonlinearly as
Σ = e−iΠ/fΣ0, with Π =
√
2piaˆT
aˆ, (2.1)
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where Σ0 = (0, 0, 0, 0, 0, 0, f)
T and T aˆ are the broken generators of SO(7) with aˆ = 1, · · · , 6,
see Appendix A for details. We immediately find
Σ =
f
|pi| sin
( |pi|
f
)(
pi1, pi2, pi3, pi4, pi5, pi6, |pi| cot
( |pi|
f
))T
, (2.2)
where |pi| ≡
√
(piaˆ)2. We can then write the leading order NGB Lagrangian as
LNGB = 1
2
(DµΣ)
T DµΣ, (2.3)
where the covariant derivative is given by
Dµ = ∂µ − igW aµT aL − ig′Bµ
(
T 3R +X
)
. (2.4)
Note that the electric charge of fields is defined by Q = T 3L + T
3
R +X, or the hypercharge
is defined as Y = T 3R +X.
The first four NGBs are related to the usual Higgs doublet H = (h+, h0)T by
(pi1, pi2, pi3, pi4) =
(
−ih
+ − h+∗√
2
,
h+ + h+∗√
2
, i
h0 − h0∗√
2
,
h0 + h0∗√
2
)
. (2.5)
In unitary gauge when h+ = 0 and h0 = h/
√
2 we have
(pi1, pi2, pi3, pi4, pi5, pi6) =
(
0, 0, 0, h,
√
2 Imχ,
√
2 Reχ
)
, (2.6)
where we have defined χ = (pi6 + ipi5)/
√
2 as a complex scalar which is our DM candidate.
It is convenient to make the field redefinition [37],
sin
( |pi|
f
)
pia
|pi| →
pia
f
. (2.7)
We can then write NGB field as
Σ =
(
0, 0, 0, h,
√
2 Imχ,
√
2 Reχ,
√
f2 − h2 − 2|χ2|
)
, (2.8)
in unitary gauge. The NGB Lagrangian has the leading order terms
LNGB =1
2
(
∂µh
)2
+ |∂µχ|2 + 1
2
(
h∂µh+ χ
∗∂µχ+ χ∂µχ∗
)2
f2 − h2 − 2|χ2|
+
h
2
4
[
g2W+µW−µ +
1
2
(
gW 3µ − g′Bµ
)2]
. (2.9)
When h gets a vacuum expectation value (VEV) of v ≈ 246 GeV we write
h = v + cvh, with cv ≡
√
1− v2
f2
, (2.10)
to ensure that h is canonically normalized. We also define sv ≡ v/f .
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2.2 The Quark Sector
The quark fields include particles charged under both SM color and the hidden color group.
In terms of SO(7) and SU(6) representations we have the left- and right-handed quarks as
QL = (7,6) and TR = (1,6). These can be split up schematically in terms of fields in the
3 of their respective color groups
QL = (QL, Q̂L), TR = (tR, T̂R), (2.11)
where we have put a hat on fields charged under the hidden color group. More explicitly
we write out the low lying left-handed fields as
√
2QL =
SU(3)c SU(3)ĉ

SO(4)C
ibL îbL
bL b̂L
itL it̂L
−tL −t̂L
U(1)D
0 iX̂L − iŶL
0 X̂L + ŶL
0
√
2T̂L
, (2.12)
where qL = (tL, bL)
T is the usual SU(2)L quark doublet. This is similar in spirit to
Refs. [11, 12, 31] which use incomplete quark multiplets. One can imagine the other fields
lifted out of the low energy spectrum by vector-like masses, or as in extra dimensional
models [5, 7] that the boundary conditions of the bulk fields are such that the zero modes
vanish. In order to obtain the correct hypercharge for tL, tR, and bL, both QL and TR have
a U(1)X charge of 2/3. The Yukawa coupling term QLΣTR then implies that the NGBs
have zero X charge, which in particular implies that χ has no SM gauge charges.
The top sector couplings follow from
L ⊃ λtQLΣTR + h.c. (2.13)
= λt
[
−
(
qLtR + q̂LT̂R
)
H˜+χ∗X̂LT̂R+χŶ LT̂R+f
(
1− |H|
2 + |χ|2
f2
+ . . .
)
T̂LT̂R
]
+h.c.,
where qL = (tL, bL)
T and q̂L = (t̂L, b̂L)
T are SU(2)L doublets and we have restored the
eaten NGBs for the moment into the Higgs doublet H, and defined H˜ = iσ2H∗. From
these interactions we obtain the one-loop diagrams in Fig. 1 relevant to the mass corrections
for H and χ. The leading contributions from the top quark are doubled by q̂L interaction,
but this combination is exactly cancelled by T̂L. Like in [16], the contributions from fields
carrying SM color and those carrying hidden color are not equal. Note that the DM shift
symmetry is broken by the SM color neutral top partner T̂ and U(1)D charged fermions
X̂L, ŶL.
The hidden color fields can be lifted through vector-like mass terms with new heavy
states. We can write down the mass terms
Lvec mass = −mQq̂Lq̂R −mXX̂LX̂R −mY Ŷ LŶR + h.c. , (2.14)
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Hλt λt
H
tR
SU(3)c
qL
H
λt λt
H
T̂R
SU(3)ĉ
q̂L
H H−2λt
f
λtf
T̂L T̂R
SU(3)ĉ
χ
λt λt
χ
T̂R
X̂L
SU(3)ĉ
χ
λt λt
χ
T̂R
ŶL
SU(3)ĉ
χ χ−2λt
f
λtf
T̂L T̂R
SU(3)ĉ
Figure 1: These Feynman diagrams show cancelation of quadratic divergences due to SU(3)c top
quark and SU(3)ĉ top quark for the SM-like Higgs H (upper row) and the complex scalar χ (lower
row).
where q̂R = (t̂R, b̂R)
T is an SU(2)L doublet. We take these to be free parameters as we
calculate the scalar potential.
2.3 The Scalar Potential
We are interested in the obtaining the potentials for both the Higgs and the DM. This is
obtained from the Coleman-Weinberg (CW) potential [38]
VCW = − Nc
8pi2
Λ2UVTrM2 −
Nc
16pi2
Tr
[
M4
(
ln
M2
Λ2UV
− 1
2
)]
, (2.15)
where M2 is the Dirac fermion mass squared matrices, with masses as functions of h and
χ. We note first that there is no quadratic sensitivity to to the cut off because TrM2 is
independent of the scalar fields. However, we do find logarithmic sensitivity because
TrM4 = λ
4
t
2
h
4
+ h
2
λ2t
(
m2Q − λ2t f2
)
+ 2λ2t |χ|2
(
m2X +m
2
Y
)
, (2.16)
where we have dropped field independent terms.
Any remaining terms in the scalar potential, such as quartic mixing of h and χ or a |χ|4
term, are independent of ΛUV and so are robustly determined by the low energy physics.
Clearly, in order for electroweak symmetry to break we need the Higgs mass parameter
to be negative, so we require fλt > mQ. From Eq. (2.10) we see that Higgs couplings to
SM fields will be reduced by cv. As in other pNGB Higgs construction, this implies that
f exceeds v by a factor of a few. As in [16] we find there must be a cancellation between
independent terms (mQ and λtf) to obtain the correct Higgs mass. This motivates defining
λ2t f
2 ≡ m2Q(1 + δm). (2.17)
For simplicity, in this work we take the vector-like masses of the DM sector to be equal
mX = mY ≡ mV . (2.18)
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This mass scale is related to mQ by the ratio rQ = m
2
V /m
2
Q. In this limit we find one of the
dark fermion mass eigenstates is exactly mV , while the others are determined by a cubic
equation. We then find the scalar potential, which has the general form of
V (h, χ) =
1
2
µ2hh
2
+
λh
4
h
4
+ µ2χ|χ|2 + λχ|χ|4 + λhχh2|χ|2 . (2.19)
The potential parameters are calculated from the CW potential in Eq. (2.15). We find
µ2h =
3λ2t
8pi2
[
m2Q ln
Λ2UV
m2Q
− λ2t f2 ln
Λ2UV
λ2t f
2
+
λ2t f
2m2Q
m2Q − λ2t f2
ln
λ2t f
2
m2Q
]
, (2.20)
λh =
3λ4t
16pi2
[
ln
Λ4UV
λ2t f
2 λ
2
t
2 h
2
− 1
2
(
3m2Q − λ2t f2
)2(
m2Q − λ2t f2
)2 −m4Q 3m2Q − λ2t f2(
m2Q − λ2t f2
)3 ln λ2t f2m2Q
]
, (2.21)
µ2χ =
3λ2tm
2
V
4pi2
[
ln
Λ2UV
λ2t f
2
+
m2V
m2V − λ2t f2
ln
λ2t f
2
m2V
]
, (2.22)
λχ = − 3λ
4
tm
4
V
4pi2
(
m2V − λ2t f2
)2[2 + m2V + λ2t f2m2V − λ2t f2 ln λ
2
t f
2
m2V
]
, (2.23)
λhχ = −3λ
4
tm
2
V
8pi2
[
2m2Q − λ2t f2
(m2Q − λ2t f2)(m2V − λ2t f2)
+
m2V
(
2m2Q −m2V
)(
m2V − λ2t f2
)2
(m2Q −m2V )
ln
λ2t f
2
m2V
− m
4
Q(
m2Q − λ2t f2
)2
(m2Q −m2V )
ln
λ2t f
2
m2Q
]
. (2.24)
We need the dark U(1)D to remain unbroken so that χ is stable. This means we are
interested in vacua with 〈χ〉 = 0 and 〈h〉 = v. With µ2h < 0 and µ2χ > 0, this is the deepest
vacuum as long as λhλχ < λ
2
hχ. However, when λhλχ > λ
2
hχ the vacuum with 〈χ〉 6= 0
becomes a saddle point rather than a minimum, so the deepest stable vacuum still has
〈χ〉 = 0. In this case we find
µ2h = −λhv2, m2h = 2c2vλhv2, m2χ = µ2χ + λhχv2. (2.25)
Since we know v ' 246 GeV and the Higgs mass mh ' 125 GeV, therefore λh ' 0.13 and
µh ' 89 GeV. The constraints on Higgs couplings (see Sec. 3) imply that f & 3v, which
means δm  1. It then makes sense to expand the potential terms to leading order in δm.
We find
µ2h = −
3λ2t
8pi2
m2Q +O(δm), λh =
3λ4t
16pi2
[
2
3
+ ln
Λ4UV
m2Q
λ2t
2 h
2
+O(δm)
]
, (2.26)
µ2χ =
3λ2tm
2
V
4pi2
[
ln
Λ2UV
m2Q
+
rQ
1− rQ ln rQ +O(δm)
]
, (2.27)
λχ =
3λ4t r
2
Q
4pi2 (1− rQ)2
[
1 + rQ
1− rQ ln
1
rQ
− 2 +O(δm)
]
, (2.28)
λhχ =
3λ4t rQ
8pi2(1− rQ)2
[
3− rQ
2
− rQ(2− rQ)
1− rQ ln
1
rQ
+O(δm)
]
. (2.29)
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λ
Figure 2: The quartic couplings involving the DM field χ as a function of rQ = m
2
V /m
2
Q. We have
neglected all terms of order δm.
Here we have taken ln
Λ2UV
m2Q
to be order one, as expected for a cutoff of a few TeV.
The Higgs potential has logarithmic dependence on ΛUV. This is similar to both
the Twin Higgs [39] and SO(6)/SO(5) constructions [11] where sizable UV contributions
lead to the correct Higgs mass. In the limit of small δm and taking λ
MS
t = 0.936 we find
µ2h ≈ −(146)2 GeV2 and λh ≈ 0.13 for mQ = 800 GeV and ΛUV = 3 TeV. These are similar
to the SM listed above, so we expect that a suitable UV completion, perhaps composite or
holographic, can easily accommodate the measured Higgs mass.
At the same time the quartic couplings that involve χ are determined completely by
the low-energy theory. Thus, we can make robust predictions about the DM without
knowledge of the UV completion. In Fig. 2 we see that these quartics are order 10−2 over
a wide span of rQ. This gives the value of the DM self-interactions as well as its coupling
strength to the Higgs. The value of rQ is constrained by collider production of the hidden
color fermions which is taken up in the following section.
2.3.1 Tuning
The Higgs potential obtained above also allows us to determine tuning of the Higgs mass
parameter. We use the formula
∆ =
∣∣∣∣2δµ2m2h
∣∣∣∣−1 , (2.30)
where δµ2 is the leading one-loop correction to the Higgs mass parameter
δµ2 =
Nc
8pi2
λ2t
(
m2Q − λ2t f2
)
ln
Λ2UV
m2Q
= −3λ
2
t δm
8pi2
m2Q ln
Λ2UV
m2Q
. (2.31)
Clearly, this tuning depends sensitively on δm, and is greatly reduced when δm  1.
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It is useful to connect δm to v/f . This is done by simply minimizing the part of the
Higgs potential that depends on ln ΛUV. This leads to the relation
v2
f2
= 1− m
2
Q
λ2t f
2
=
δm
1 + δm
, (2.32)
similar to what was found in [16]. We rewrite this as
δm =
v2/f2
1− v2/f2 , (2.33)
to see that δm roughly tracks the tuning required to misalign the vacuum, as it should, for
it is by choosing δm small that we obtain the correct Higgs mass. This makes clear that
taking δm small is not an additional tuning, but the only tuning required to realize the
correct Higgs potential. For instance, when f/v = 3 (10) we find δm ≈ 0.125 (0.01) which
corresponds to ∼10% (1%) tuning.
3 Collider phenomenology
The collider signals of this model arise from the Higgs sector and the production and decay
of the hidden color quirks. To determine both these effects we need the physical mass
states of the hidden sector fermions. The relevant mass matrix MF is
−
(
t̂L, T̂L
)
MF
(
t̂R
T̂R
)
= −
(
t̂L, T̂L
)(mQ mt
0 −cvλtf
)(
t̂R
T̂R
)
. (3.1)
As noted in the previous section to obtain the correct Higgs mass without introducing
additional fine-tuning, we require,
mQ =
λtf√
1 + δm
= cvλtf, (3.2)
where δm is given in Eq. (2.33). In the following, we fix the vector-like mass for the quirk
doublet mQ to the this value. Note that we can use this relation to define f/v in terms of
mQ:
f
v
=
√
1 +
m2Q
2m2t
. (3.3)
The physical masses are obtained by diagonalizing the fermion mass matrix by the trans-
formation R(θL)
TMFR(θR), where the rotation matrices are
R(θi) =
(
cos θi sin θi
− sin θi cos θi
)
. (3.4)
The mass eigenvalues are given by
m2± = m
2
Q
(
1 +
m2t
2m2Q
± mt
mQ
√
1 +
m2t
4m2Q
)
, (3.5)
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and the mixing angles are
sin 2θL = − sin 2θR = 1√
1 +
m2t
4m2Q
. (3.6)
In other words, θL = −θR ≡ θ. The unmixed states are described by Dirac fermions T̂±
with masses m±, their couplings to SM fields are given in Appendix B.
3.1 Scalar Sector
Like other pNGB Higgs models we find the tree level couplings of the Higgs to SM states
are reduced. In our case they are reduced by cv, which follows immediately from Eq. (2.10).
This leads to the usual bound of f & 3v from the LHC measurement of Higgs couplings to
gauge bosons. It may also lead to interesting signals at the HL-LHC and future colliders.
At the same time, the existence of new fermionic states with electric charge that couple to
the Higgs amplifies its coupling to photons. As in the quirky little Higgs model [7], this
pushes the rate of h→ γγ closer to the SM prediction [40].
Explicitly, we find the Higgs width into diphotons is approximately
Γ(h→ γγ) = α
2m3h
256pi3v2
∣∣∣∣cv [AV (4m2Wm2h
)
+
4
3
AF
(
4m2t
m2h
)]
+
mt sin θ
m+
(
cv cos θ −
√
2sv sin θ
) 4
3
AF
(
4m2+
m2h
)
+
mt cos θ
m−
(
cv sin θ +
√
2sv cos θ
) 4
3
AF
(
4m2−
m2h
)∣∣∣∣2 . (3.7)
In Fig. 3 we see how the production of a given Higgs to SM final state rate changes relative
to the SM prediction as a function of mQ. The blue curve shows the usual result for tree
level Higgs coupling deviations, while the dashed orange curve denotes the decay into two
photons. We see that the latter is slightly increased relative to the other rates. However,
the deviation is small enough that it would likely require a future lepton collider to measure
it [41–43]. Current Higgs coupling measurements require this ratio be no less than 0.8, and
the HL-LHC is expected to reach a precision corresponding to about 0.9 [44]. We see that
these already begin to probe v/f , but do not reach beyond about 10% tuning.
The Higgs also develops a loop level coupling to the gluons of the hidden QCD. Similar
to coupling to the photon, we find the Higgs coupling to hidden gluons takes the form
cĝ
α̂s
12pi
h
v
ĜaµνĜ
aµν , (3.8)
where α̂s = ĝ
2
s/(4pi) is the hidden sector strong coupling parameter, Ĝ
a
µν is the hidden
gluon field strength, and
cĝ =
mt sin θ
m+
(
cv cos θ −
√
2sv sin θ
) 3
4
AF
(
4m2+
m2h
)
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Figure 3: Ratio of the production of a the Higgs boson and subsequent prompt decay into SM
final states as a function of mQ. The h → γγ line is given by the dashed orange curve, while all
other prompt SM final states fall along the solid blue curve.
+
mt cos θ
m−
(
cv sin θ +
√
2sv cos θ
) 3
4
AF
(
4m2−
m2h
)
. (3.9)
This leads to the Higgs width into hidden gluons
Γ(h→ ĝĝ) = α̂sm
5
h
288pi3v2
|cĝ|2, (3.10)
which may contribute to a detectable Higgs width at future lepton colliders.
Since the states charged with hidden color carry U(1)X charge, they are electrically
charged under the SM. Bounds from LEP imply that such states cannot be lighter than
about 100 GeV. Consequently, the lightest hadrons of the hidden confining group are the
glueballs. The lightest glueball state is a 0++ and has a small mixing with the Higgs. This
allows the glueballs to decay with long lifetime to SM states. From [45] we find the glueball
partial width into SM states to be
Γ
(
0++ → XSMXSM
)
= |cĝ|2
[
α̂s
6piv
f0++
m2h −m20
]2
ΓSM (h(m0)→ XSMXSM) (3.11)
wherem0 is the mass of the lightest glueball, f0++ = 〈0|Tr ĜµνĜµν |0++〉, and Γ (h(m0)→ XSMXSM)
is the SM Higgs partial width for a Higgs with mass m0. Lattice calculations have deter-
mined 4piα̂sf0++ = 3.1m
3
0 [46]. In addition, the exotic decays of the Higgs into glueballs
with displaced decays can lead to striking signals at the LHC [47].
To be more precise we must estimate the mass of the hidden glueball. This is done by
estimating the hidden scale Λ̂QCD using two-loop running.
2 We assume at scales near the
2While this scale has its drawbacks [48] in the pure gauge limit there are not many physical scales to
choose from.
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Figure 4: Contours of the hidden color Λ̂QCD as a function of the vector-like masses of hidden
color fermions. The blue solid (red dashed) contours correspond to a UV cutoff ΛUV = 2(5) TeV
where the SM and hidden strong couplings become equal.
cutoff of a few TeV the SM and hidden strong couplings become equal because of the Z2
symmetry in the UV. Thus, we can run the SM strong coupling up to the cutoff and then
run the hidden coupling down from the cutoff for a given spectrum. In Fig. 4 we find that
the hidden color strong scale varies between about 4.5 to 6.5 GeV for mQ ∈ [800, 1200] GeV.
This implies the lightest glueball mass, taken to be about 6.8Λ̂QCD, is likely to fall between
30 and 45 GeV. Then using the glueball decay width in Eq. (3.11) we find the glueballs
typically have a decay length of hundreds of meters, with the smallest values for larger
mV and ΛUV. The displaced decays from these particles may be quite challenging for the
ATLAS and CMS to detect, but may be detected by MATHUSLA-like detectors [49].
There may also be new scalars related to the spontaneous symmetry breaking mecha-
nism. In weakly coupled UV completions there may be a radial mode, a scalar whose mass
close to f . As has been detailed for other pNGB realizations of neutral naturalness [36, 50–
54], this scalar will have order one couplings to all the pNGBs, leading to observable signals
at the LHC and future colliders. If the UV completion involves an approximate scale sym-
metry then a heavy scalar associated with the breaking of scale invariance, the dilaton, can
have large coupling to the SM and hidden sector states [55] providing additional collider
signals.
3.2 Electroweak Precision Tests
Extensions of the SM are constrained by precision electroweak measurements. The con-
straints can be expressed in terms of the oblique parameters S, T , and U [56, 57]. The
contributions to U are typically small, so we only compute the contribution to S and T .
These contributions arise from the new electroweak charged fermions inducing important
radiative corrections to gauge boson propagators. In addition, the modified coupling of the
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Figure 5: The allowed region in the S−T plane leaving the U parameter free [59]. The colored
points (orange, green, blue, and red) indicate the values of S and T for f/v = 3, 4, 5, 6 with UV
cutoff scale 2, 3, 4, 5 TeV.
.
Higgs boson to gauge bosons leads to an infrared log divergence [58]. We find the leading
contributions to be
S ≈ 2Nĉm
2
t
15pim2Q
+
1
12pi
v2
f2
ln
(
Λ2UV
m2h
)
, (3.12)
T ≈ 13Nĉm
4
t
120pim2Zm
2
Q sin
2 2θW
− 3
16pi
1
cos2 θW
v2
f2
ln
(
Λ2UV
m2h
)
, (3.13)
where ΛUV is UV cutoff scale, θW is the usual weak mixing angle, and the factor of Nĉ
comes from the number of dark QCD color.
As expected, the contributions from vector-like fermions, X̂ and Ŷ , cancel as well as
the power law UV divergences. These contributions are compared to the experimental
fits and found to lie within the 68% and 95% allowed regions as provided by the Gfitter
collaboration [59]. In Fig. 5, we plot S and T with U free, for the input parameters
mh = 125 GeV and mt = 172.5 GeV. The colored points in the figure correspond to values
of f/v = 3, 4, 5, 6 (orange, green, blue, and red) and ΛUV, 2, 3, 4, 5 TeV. With increasing
the value of f , the value of S and T approach the SM value.
3.3 Quirky Signals
The new fermions (T̂±, X̂, and Ŷ ) can be produced at colliders through Drell-Yan due to
their hypercharge of 2/3. We parameterize the couplings of any fermion f to the Z boson
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Figure 6: Production cross sections for quirks as a function of the relevant vector-like mass at a
14 TeV proton collider for δm = 0.1. The production of T̂+T̂− is given by the dotted green line,
which lies nearly on top of the blue T̂−T̂− curve.
and the photon by
L ⊃ g
2cW
Zµfγ
µ(vf − afγ5)f + eQfAµfγµf, (3.14)
where cW and sW is the cosine and sine of the weak mixing angle while g and e = gsW
are the weak and electric couplings, respectively. As an example, SM fermions have vf =
T3− 2Qs2W and af = T3. We then find the partonic cross section for qq → Z, γ → ff to be
σ(qq → ff)(s˜) = piα
2
ZNĉ
12Ncs˜(1−m2Z/s˜)2
√
1− 4m
2
f
s˜
×
{(
1 +
2m2f
s˜
)[∣∣∣vqvf + 4sW cWQqQf (1− m2Zs˜ )∣∣∣2 + |aqvf |2]
+
(
1− 4m
2
f
s˜
) [
|vqaf |2 + |aqaf |2
]}
, (3.15)
where αZ ≡ g2/(4pic2W ). In Fig. 6 we see the fermion cross sections at a 14 TeV proton-
proton collider. We used MSTW2008 PDFs [60] and a factorization scale of
√
s˜/2.
All the fermions charged under the hidden color group have masses much above 100
GeV due to LEP bounds on charged particles. The hidden confining scale is of the order
of a few GeV, so we expect them to exhibit quirky [35] dynamics, which can give a variety
of new signals at colliders [61–66]. After production they are connected by a string of
hidden color flux which, because there are no light hidden color states, is stable against
fragmentation. The quirky pair behaves as though connected by a string with tension
σ ∼ 3.6Λ̂2QCD [67], see also [68].
Much of the subsequent dynamics can be treated semi-classically. Since these quirks
carry electric charge the oscillating particles radiate soft-photons, quickly shedding energy
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until they reach their ground state [69, 70]. Annihilation is strongly suppressed in states
with nonzero orbital angular momentum, so in nearly every case the quirks do not annihilate
until they reach the ground state. Since the quirks are accelerated by the string tension,
we can estimate their acceleration as a = σ/mf . Then, using the Larmor formula we can
estimate the radiated power as
P = 8piα
3
a2 =
8piασ2
3m2f
, (3.16)
where α = e2/(4pi). The time it takes the quirky bound state to drop to its ground state is
given by K/P, where K is the kinetic energy of the quirks. Taking K ∼ mf we can then
estimate the de-excitation time Td as
Td ∼
3m3f
8piα
(
3.6Λ̂2QCD
)2 ∼ 4× 10−19 sec( mf800 GeV)3
(
6 GeV
Λ̂QCD
)4
. (3.17)
Clearly, the de-excitation is very fast, leading to prompt annihilation
Depending on the masses of the hidden b̂ quark, the T̂± could β-decay by emitting a
W . When the mass splitting is small the de-excitation is faster and the states typically
annihilate. However, if the splitting is large it is most likely that both top-like states
transition to bottom-like states. These would then de-excite and annihilate in the same
way, though there would be additional W s in the final state.
If the b̂ quarks are not too heavy, then T̂±b̂ combinations can be produced through the
W boson. If these states are similar in mass so that β-decay is slow then the bound states
can lead to visible signals, like Wγ resonances, with appreciable rates. This is because the
electric charge of the state prevents its decay into hidden gluons. However, larger splittings
allow the heavier state to decay to the lighter promptly, diluting these signals significantly.
Because the quirks are fermions there are four s-wave states, one singlet and three
triplet. Following [14] we assume that each of these states is populated equally by produc-
tion, so we take the total width Γtot of the bounds state to be
Γtot = Γs + 3Γt, (3.18)
where Γs and Γt are the widths of the singlet and triplet states respectively.
For the T̂±T̂± states which carry weak isospin the dominant quirkonium decays are to
WW with a branching fraction of about 75%. This comes from the chiral enhancement
in this decay. This signal has been searched for at the LHC by both ATLAS [71, 72]
and CMS [73, 74]. The next largest fractions are into Zh, at the 10% level, which can
be compared to ATLAS [75] and CMS [76, 77] searches. All other visible final states are
suppressed well below the percent level, see Fig. 7. Of these, the most likely LHC signal is
a new scalar resonance decaying to WW , though this does depend on the b̂-quirk mass. As
shown in Fig. 8, current searches are not yet sensitive to these signals. Here we assume a
production of the T̂−T̂− directly, and through production of the T̂+ state which then decays
to a soft Z and T̂−. While the LHC is not yet sensitive to these signals, the high luminosity
run (dashed red line) will probe the most natural regions of parameter space [78].
– 15 –
Zh
Zγ
gg
ZZ
WW
tt
600 800 1000 1200 1400 1600 1800 2000
10-6
10-5
10-4
0.001
0.010
0.100
1
mQ
B
R
(T -T
-)
Zh
Zγ
gg
ZZ
WW
tt
γγ
ℓℓ
500 1000 1500 2000
10-4
0.001
0.010
0.100
1
mV
B
R
(V V )
Figure 7: Branching fraction for the s-wave quirkonium composed of the T̂− (left) and X̂ or Ŷ
(right) quirks. The T̂− quirks dominant decays are into weak gauge bosons W+W−. The dominant
branching fraction for the X̂ and Ŷ is into hidden gluons.
LHC13 36 fb-1
LHC14 3000 fb-1
LHC14 Theory
800 1000 1200 1400 1600 1800 2000
0.001
0.010
0.100
1
10
mQ (GeV)
σ⨯BR
(X→W
W
)(fb)
LHC13 139 fb-1
LHC13 Theory
mQ = 800 GeV
mQ = 1000 GeV
mχ > 100 GeV
500 1000 1500 2000
0.001
0.010
0.100
1
10
mV (GeV)
σ⨯BR
(X→ℓℓ)
(fb)
Figure 8: Left: Comparison of LHC 13 reach in W+W− resonance searches for a T̂−T̂− bound state
(black) to the theoretical 14 TeV prediction (blue) and expected sensitivity of the high luminosity
run (dashed red). Right: Comparison of LHC 13 reach in dilepton resonance searches for X̂X̂ and
Ŷ Ŷ bound states (black) to the theoretical 13 TeV prediction (blue). Contributions from T̂ states
included for mQ = 800 (1000) GeV in red dashed (purple dash-dotted) curve for DM masses greater
than 100 GeV.
The X̂ and Ŷ particles only couple to visible states through hypercharge, hence there
is no rate into Zh and the rate into WW vanishes when the Z mass can be neglected.
The largest coupling is to hidden gluons, so this dominates the branching fractions. These
gluons shower and hadronize into hidden QCD glueballs, some fraction which may have
displaced decays at the LHC [79]. However, they can also annihilate into f¯f and EW gauge
bosons through their hypercharge coupling, see Fig. 7. Of these, dilepton and diphoton
channels have the greatest discovery potential because the signal is so clean, which has
motivated searches at both ATLAS [80, 81] and CMS [82, 83]. In the right panel of Fig. 8
we compare the reach of the ATLAS search [81] to the theoretical prediction. We see that
quirks below about 550 GeV are in tension with current collider bounds. Seeing that the
predicted cross section is near the experimental limit, it is likely that by the end of the
LHC run 3, with 300 fb−1, any quirks of this type below a TeV will be discovered. Further
LHC runs can probe even larger m
V̂
, but we note that taking this mass larger does not
affect the naturalness of the Higgs mass. It does, however, indicate that the DM is heavier,
see Eq. (2.27).
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When mV > m−+mχ the X̂, Ŷ quirks will quickly decay, V̂ → T̂−+χ. In this case the
powerful dilepton resonance search will not apply. Instead, the production cross section
for T− bound states must include this, in general small, additional mode. A similar story
holds if m− > mV + mχ, where now the T̂− quirk decays promptly to an X̂ or Ŷ and a
DM scalar. Then, the dilepton bounds would apply to the T̂ production. For lighter mQ
this can strengthen the bound on mV . The red dashed and purple dash-dotted lines on
the dilepton bound in Fig. 8 correspond to taking mQ = 800 GeV and mQ = 1000 GeV,
respectively, and the DM mass of 100 GeV. By taking the DM heavier these lines would
cut off earlier, at mV = m± −mχ.
In summary, standard collider searches for prompt visible objects do constrain m
V̂
>
550 GeV, but the other parameters of the model are less restricted. However, both the
displaced searches related to the hidden sector glueballs and dilepton and diboson resonance
searches can provide evidence for the hidden QCD sector at the LHC. As we shall see in the
next section, this parametric freedom can lead to viable DM, and complementary search
strategies from DM experiments.
4 Dark matter phenomenology
In this section we detail the phenomenology of the DM candidate χ, the complex scalar
charge under the global symmetry U(1)D. As mentioned above, this global symmetry
stabilizes the DM. All the SM fields and the quirky top partners T̂± are U(1)D neutral,
whereas the quirky fermions X̂ and Ŷ are charged. The U(1)D global symmetry is exact,
so we can associate a discrete dark Z2 parity under which,
χ
Z2→ −χ, X̂ Z2→ −X̂, Ŷ Z2→ −Ŷ , (4.1)
but more generally we simply consider particles in this sector as carrying a global dark
charge, which prevents their decay. Since the quirky states X̂ and Ŷ have the fractional
SM electric charge 2/3 they cannot be the DM. However, the SM neutral complex scalar
χ is our DM candidate as long as it is the lightest U(1)D charged particle.
To determine the success of this scalar as explaining the observed DM in the universe,
in what follows we calculate the relic abundance and DM-nucleon cross section for the
direct detection in our model. We then consider the dark matter annihilation for the
indirect detection and impose the collider constraints on our parameter space. We find
that much of the natural parameter space of this model has not yet been conclusively
probed by experiment, but is expected to be covered next several years.
4.1 Relic abundance
The thermal relic density of the scalar χ is obtained using the standard freeze-out analysis.
Figures 9 and 10 show the relevant Feynman diagrams for the DM annihilation and semi-
annihilation/conversion, respectively. The Boltzmann equation for the DM annihilation
and semi-annihilation/conversion processes is
dnχ
dt
=− 3Hnχ − 〈σχχφφ′vMøl 〉
(
n2χ − n¯2χ
)
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Figure 9: The Feynman diagrams for the DM annihilation to SM.
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Figure 10: The Feynman diagrams for the DM semi-annihilation/conversion through the dark
quirks.
− 〈σXV̂ T̂±φvMøl 〉
(
nχnV̂ − n¯χn¯V̂
n
T̂±
n¯
T̂±
)
− 〈σχT̂±V̂ φvMøl 〉
(
nχnT̂± − n¯χn¯T̂±
n
V̂
n¯
V̂
)
− 〈σχχT̂±T̂±vMøl 〉
(
n2χ − n¯2χ
n2
T̂±
n¯2
T̂±
)
− 〈σχχV̂ V̂vMøl 〉
(
n2χ − n¯2χ
n2
V̂
n¯2
V̂
)
, (4.2)
where φ(φ′) are the SM fields: h, t,W,Z, γ, · · · . Also, H is the Hubble parameter and ni
is the number density of species i, whereas the n¯i is its thermal equilibrium value. The
quantity 〈σijklvMøl〉 ≡ 〈σ(ij → kl) vMøl〉 is the thermal averaged cross-section of the initial
states ij to final states kl with vMøl being the Møller velocity. The last term in the first
line of Eq. (4.2) describes the dynamics of the standard DM annihilation to the SM final
states as shown in Fig. 9. The second and third lines describe the semi-annihilation and
conversion processes shown in Fig. 10.
The dominant DM annihilation channels are to the SM, i.e. χχ∗ →WW,hh,ZZ, tt¯, bb¯,
while the semi-annihilation and conversion processes are only relevant if the masses the
quirk states (V̂ , T̂±) are similar to mχ. When the quirk masses are much larger than the
DM, their thermal distributions are Boltzmann suppressed, making semi-annihilation or
conversion processes very rare as compared to the standard annihilation processes. The
relevant Feynman rules to calculate the DM annihilation or semi-annihilation processes
are given in Appendix B. The DM relic abundance is computed using the public code
micrOMEGAs [84].
Before discussing these results we emphasis some of the features of this model.
• The top partners are SM color neutral, therefore the symmetry breaking scale f may
be at or below a TeV. This leads to significant improvements in the fine-tuning while
simultaneously allowing a larger window for the pNGB DM masses in comparison to
colored top partner models [31, 33, 34].
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• The DM annihilations to SM are dominated by s-channel Higgs exchange. The
amplitude for such processes is,
Mχχφφ′ ∝
( s
f2
− 2λhχ
)
v, (4.3)
where s = 4m2χ. The s dependent term originates from the derivative coupling
∂µh ∂µ(χ
∗χ), while the λhχ term is a loop induced explicit breaking of the χ shift
symmetry, see Eq. (2.19).
• When the standard DM annihilation processes dominate (which we see below is typ-
ically the case), the DM relic abundance can be estimated as,
Ωχh
2 ≈ 0.12
(
2.2×10−26 cm3s−1
〈σ(χχ∗ → SM)vMøl〉
)
, (4.4)
where 0.12 is the observed DM relic abundance by the PLANCK satellite [85].
• The thermal averaged annihilation cross section to SM fields via s-channel Higgs
exchange is proportional to
〈σ(χχ∗ → SM)vMøl〉 ∝ 1
m2χ
(4m2χ
f2
− 2λhχc2v
)2
, (4.5)
which implies that in the limit λhχ → 0, i.e. no explicit shift symmetry breaking, the
cross section is proportional to m2χ/f
4. Hence, for a given mχ the relic abundance,
Ωχh
2, scales as f4.
• For m2χ/f2  1, χ annihilation proceeds through the portal coupling λhχ. When
m2χ ∼ λhχf2/2 the annihilation cross-section drops due to cancellation between the
s-channel process, enhancing the relic abundance. For m2χ  λhχf2/2 the DM relic
abundance falls like 1/m2χ for fixed f .
In Fig. 11, we show the relic abundance Ωχh
2 for two benchmark values of λhχ=0.005
and 0.025 as a function of mχ with fixed f/v = 4, 6, 8, 10. Notice that for masses below
50 GeV the DM tends to be overproduced. This is because the thermal averaged cross-
section in this region is directly proportional to the portal coupling λhχ, which direct
detection constrains to be relatively small (see below). On the other hand, for mχ∼mh/2
the relic abundance drops sharply due to the resonant enhancement of the Higgs portal
cross-section. For DM masses m2χ ∼ λhχf2/2 there is cancelation in the cross-section as a
result the relic abundance enhances which produces the peaks in Fig. 11. For larger DM
masses the cross section is proportional to m2χ/f
4 and the relic density drops as DM mass
increases.
For the case λhχ = 0.005 (left-panel), the relic density curves terminate when the
DM becomes heavier than the quirk states X̂, Ŷ . These states are bound by the dark color
force into quirky bound states, which then efficiently annihilate due to their electric charge,
making them an unsuitable thermal DM candidate. There is also a sharp drop in the relic
density at the end of each curve, which is due to an s-channel resonant enhancement of
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Figure 11: The left (right) plot shows the DM relic abundance Ωχh
2 as a function of DM mass
mχ for λhχ = 0.005 (0.025) with values of f/v = 4, 6, 8, 10. The gray line indicates observed relic
abundance Ωobsh
2=0.12.
semi-annihilation processes, i.e. χV̂ → T̂± → T̂±SM, as shown in Fig. 10. The semi-
annihilation processes are only significant when mχ ≈ mV ≈ m±/2 and in most of the
parameter space are inefficient as compared to the standard annihilation processes. Since
the portal coupling λhχ is proportional to rQ = m
2
V /m
2
Q it can be reduced for relatively
light vector-like quirks V̂ . However, collider searches at the LEP and LHC put a lower
bound these vector-like quirks, see Sec. 3.3.
We see that the smallest mass that produces the correct DM thermal relic is near
the Higgs resonance region, above ∼ 50 GeV. This is fairly independent of f/v and λhχ.
However, the largest DM masses which leads to correct relic abundance does depend on f/v
and λhχ. Since naturalness prefers a smaller f/v and λhχ is constrained by direct detection
(see below), we find that restricting f/v ≤ 10 puts an upper bound of mχ . 1 TeV for
obtaining the correct relic.
4.2 Direct detection
The WIMP DM scenario is being thoroughly tested by direct detection experiments. We
here highlight the main features of our pNGB DM construction where direction detection
null results are explained naturally.
At tree-level the DM-nucleon interaction is only mediated by t-channel Higgs exchange.
As discussed above, the DM-Higgs interaction has two sources: (i) the derivative coupling
∼(∂µh)∂µ(χ∗χ)/f2, and (ii) the portal coupling ∼λhχhχ∗χ. The strength of the derivative
interaction in a t-channel process is suppressed by the DM momentum transferred, t/f2∼
(100 MeV)2/f2  1. For all practical purposes we can neglect such interactions. Hence the
only relevant interaction for direct detection is the portal coupling λhχ.
3 In this case, the
3There are 1-loop processes involving the quirk states and the electroweak bosons which contribute to
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Figure 12: The DM-nucleon cross section as a function of DM mass mχ with all points producing
the observed relic abundance Ωobsh
2=0.12±0.0012. The gray points above gray curve are excluded
by current XENON1T bounds, whereas the colored points (corresponding to particular f/v values)
are allowed.
spin-independent DM-nucleon scattering cross-section σSIχN can be approximated as (see
e.g. [31, 33]),
σSIχN '
f2Nm
4
N
pim4h
λ2hχ
m2χ
≈ 2.5×10−46 cm2
(
λhχ
0.025
)2(300 GeV
mχ
)2
, (4.6)
where mN is the nucleon mass and fN ' 0.3 encapsulates the Higgs-nucleon coupling.
The current bound on the spin-independent DM-nucleon cross-section for mass range ∼
[50, 1000] GeV is by XENON1T with one ton-year of exposure time [86]. For instance, the
upper limit on the spin-independent DM-nucleon cross-section for DM mass 300 GeV is
∼2.5×10−46 at 90% C.L. From Eq. (4.6) it is clear that the σSIχN is directly proportional to
the square of the portal coupling λ2hχ and inversely proportional to the square of DM mass
m2χ. Hence to satisfy the direct detection constraints we either need to reduce the portal
coupling λhχ or increase the DM mass.
One feature of this minimal model is that λhχ is determined by a small number of
low-energy parameters: the vector-like masses of the quirks, mV and mQ. However, as
noted above in Eq. (3.2), the top partners quirk mass mQ=cvλtf is fixed in terms of f to
obtain the correct Higgs mass. Hence, the free parameters are mχ, f , and rQ≡m2V /m2Q.
As discussed above, one can specify f by requiring the correct DM relic abundance and rQ
can be exchanged with λhχ, which is constrained by direct detection.
the DM-nucleon scattering. These processes are suppressed compared to tree-level, so we neglect them.
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In Fig. 12 we show the spin-independent DM-nucleon cross section σSIχN as a function of
DM mass mχ. We have performed a random scan of the parameter space for f/v∈ [3, 10] and
mV ∈ [mχ, 4pif ]. The lower value of the f/v=3 choice is enforced by the SM Higgs coupling
measurement and electroweak measurements data, while the upper value of f/v=10 limits
the tuning to ∼1%. The lower value of mV makes sure that χ is the lightest state charged
under U(1)D. All the points shown in the plot correspond to the correct relic abundance
Ωχh
2 = Ωobsh
2± 5σ, where Ωobsh2 = 0.12 ± 0.0012 is the observed DM relic density as
measured by the Planck satellite [85]. The gray (pentagon) points above the gray line
are excluded by the XENON1T [86]. All the colored points (color barcoded with f/v) are
allowed by the current XENON1T constraint. The dashed gray line indicates the expected
XENONnT bound [86] which covers much of the more natural parameter space. However,
there are points allowed below this bound above the so-called neutrino-floor (red dotted),
which could be discovered by next generation detectors, e.g. LZ [87] and DARWIN [88].
4.3 Indirect detection
We now turn to indirect detection. There are a variety of experiments searching for DM
annihilations in the Milky Way galaxy and nearby dwarf galaxies, which are assumed to
be dominated by DM. The typical signals of DM annihilation to the SM particles leads
to gamma-rays, gamma-lines, and an excess of secondary products like antipositrons and
antiprotons in cosmic-rays (CR). In particular, the experimental data can be used to put up-
per bounds on the various annihilation channels, including WW,ZZ, hh, tt¯, bb¯, τ+τ−, · · · .
In our model the DM dominantly annihilates into WW,hh,ZZ, tt¯ final states. We cal-
culate the present day DM thermal averaged annihilation to the SM particles by using
micrOMEGAs [84]. We find that the DM thermal annihilation cross-section is 〈σv〉 ≈
2.2 × 10−26 cm3/s for parameter values that produce the correct relic abundance. The
fraction of annihilation cross-section to W+W− is ∼45% and hh/ZZ ∼25% for mχ&mh.
Whereas the branching fraction is dominantly into W+W− for mχ ∈ [mW ,mh].
In Fig. 13 we show the DM annihilation cross section to W+W−, 〈σv〉WW , in units of
[10−26 cm3/s] as function of mχ. All the data points in this figure produce correct DM relic
abundance and satisfy the XENON1T direct detection constraint. Because these points
have mχ > mW , the most dominant annihilation channels are the WW,ZZ, hh. In the
following we summarize the most sensitive indirect detection probes in the mass range of
interest.
Gamma-rays: The most robust indirect detection bounds are due to Fermi-LAT [89] and
Fermi-LAT+DES [90] with six years of data from 15 and 45 DM dominated dwarf spheroidal
galaxies (dSphs), respectively. Theses constraints are considered robust because the uncer-
tainties associated with propagation of gamma rays are relatively small. The Fermi-LAT
results [89] provide upper-limits on the DM thermal annihilation cross section into several
SM final states including WW, bb¯, τ+τ−, whereas, the updated analysis Fermi-LAT+DES [90]
only includes the bb¯ and τ+τ− channels. These bounds do not constraint any of the pa-
rameter space allowed by the direct detection. However, Fermi-LAT has provided expected
95% C.L. upper-limits for the DM thermal annihilation into bb¯ and τ+τ− channels with 15
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Figure 13: A parameter scan with all the points producing correct relic abundance in the mχ vs
〈σv〉WW . Each point (color coded for different f/v values) is allowed by the XENON1T1y direct
detection experiment. The gray shaded region is the robust projected 95% C.L. sensitivity of
Fermi-LAT with 15 years data and 60 dSphs. The dashed curves represents the CTA projected 95%
C.L. sensitivity with background only (0% systematics) and 0.3% systematics, whereas the dotted
and dash-dotted curves are relatively less robust 95% C.L. upper bounds due to Fermi-LAT and
AMS-02, respectively.
years of data and 60 dSPhs [91]. One can interpolate the projected upper-limit from the
〈σv〉bb¯ to 〈σv〉WW by a simple rescaling 〈σv〉WW ' 1.33〈σv〉bb¯ in the DM mass range of our
interest. In Fig. 13 we show the projected 95% C.L. sensitivity on 〈σv〉WW by Fermi-LAT
with 15 years and 60 dSPhs by the solid (gray) curve. This sensitivity sets a lower-limit
on the DM mass mχ & 150 GeV.
A very recent analysis [92] of Fermi-LAT observations of the Galactic Center (GC) has
led to stringent constraints on WIMP DM mass up to ∼ 300 GeV. In Fig. 13 we show
95% C.L. upper bound on 〈σv〉WW as dotted (black) curves due to two DM profiles: a
generalized NFW (gNFW) profile and a cored profile that smoothly matches on to a NFW
profile while conserving mass. The upper limit on the thermal annihilation for each DM
profile in Fig. 13 is least constraining when variations of the DM profiles and the systematic
uncertainties associated with different Galactic Diffuse Emission (GDE) templets are taken
into account, see [92] for further technical details. The Fermi-LAT GC 95% C.L. upper
limit with a gNFW profile excludes our DM up to masses ∼ 300 GeV. Assuming a cored
profile, however, weakens the bound to mχ & 100 GeV. While the GC constraints are
highly sensitive to the DM profiles and the GDE templets, they still provide an important
complimentary DM probe, and with more data these uncertainties will be reduced.
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Cosmic-rays: The flux of antipositrons and antiprotons in the cosmic-rays (CR) pro-
vides another indirect probe of DM annihilation in the Galaxy. In particular recent pre-
cise AMS-02 CR antiproton flux data [93] has led to strong constraints on the DM thermal
annihilation. In Refs. [94, 95] the AMS-02 antiproton flux data was used to put stringent
constraints on DM with masses in range [150, 1000] GeV, see also [96] for a recent global fit
analysis of pNGB DM. The AMS-02 95% C.L. exclusion constraint on 〈σv〉WW as obtained
by CKK [94] is shown in Fig. 13 as dash-dotted (blue) curve. This constraint excludes
most of the data points between DM masses mχ ∈ [225, 375] GeV. However, these con-
straint has large systematic uncertainties, mainly due to CR propagation and diffusion
parameters [94]. The updated analysis by (CHKK) [97] reveals a weaker constraint in
the W+W− channel, which is also given by a dash-dotted (blue) curve. Even though the
updated AMS-02 analysis does not constrain our model, future AMS CR antiproton data are
likely to. Another future CR experiment is the Cherenkov Telescope Array (CTA) which
is expected to be sensitive to large DM masses [98]. In Fig. 13 we show the projected sen-
sitivity of CTA for DM annihilation to W+W− with GDE Gamma model of Ref. [99], as a
dashed (red) curve, for two assumptions of systematic error. The most optimistic implies
that CTA will probe DM masses above ∼300 GeV, though this is quickly weakened when
systematic errors are included.
5 Conclusion
We have outlined a framework in which the Higgs and a scalar DM candidate arise pNGBs
of a broken global symmetry. Because the symmetry partners of the top quark do not
carry SM color, the induced scalar potential between the Higgs and the DM, which is
UV insensitive, allows for improved fine-tuning and simultaneously explains null results
for WIMP DM searches. The quantitative success of this framework is summarized by
Fig. 14 in the mχ vs λhχ plane with the color of scanned points corresponding to values of
f/v ∈ [3, 10]. This corresponds to fine-tuning in the model of about 10% to 1%, respectively.
The phenomenology can be specified by the DM mass mχ, the global symmetry break-
ing scale f , and the vector-like mass mV of the quirky fermions, which is the source of
breaking the χ shift symmetry. As shown in Sec. 2.3 we can trade mV for λhχ. Hence, the
three free parameters of the model are mχ, f/v, and λhχ.
The points in Fig. 14 scan in mχ∼ [50, 1000] GeV and λhχ∼ [0.2, 0.0005] while required
to produce the correct relic abundance Ωχh
2 = 0.12±5(0.012). The gray (pentagon) points
are excluded at 90% C.L. by the direct detection experiment XENON1T with one year
exposure time [86]. Future direct detection XENONnT 90% C.L. reach is overlaid as the
dash-dotted (black) curve, which would cover much of the allowed parameter space. Next
generation experiments that will descend toward the neutrino floor will fully explore this
framework.
The next most stringent constraint is due to the LHC bound on the vector-like mass
mV & 550 GeV of the quirky fermions X̂, Ŷ as shown in Fig. 8. This limit from the ATLAS
collaboration search for dilepton resonances with 139 fb−1 data is due to the annihilation
of quirks V̂ V̂ to `+`−. We show the bound in Fig. 14 as red (hexagon) points. Since the
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Figure 14: A parameter scan with all points producing the correct relic abundance in the mχ vs
λhχ. The colored (gray hexagon) points allowed (excluded) by the XENON1T1y direct detection
experiment. The allowed points are color coded for different f/v values. The red (pentagon)
points are excluded by the ATLAS search of quirky states with mV . 550 GeV, while the indirect
detection projected 95% C.L. sensitive points due to Fermi-LAT with 15 years and 60 dSPhs are
marked as blue (stars). The dashed (red) contours represent different values of mV [TeV], whereas
the dash-dotted (black) curve gives the projected sensitivity of XENONnT.
portal coupling λhχ is proportional to m
2
V , the lower-bound on mV translates to a DM
mass and f/v dependent lower-bound on λhχ. We have also shown dashed (red) contours of
mV = 1 TeV to 10 TeV which shows how future LHC runs may be able to discover quirks
in much of the natural parameter space. The complementarity between collider and direct
detection could lead to both discovery and confirmation of this construction in the coming
years, or its exclusion.
In Fig. 14 we also show how indirect detection gamma-rays 95% C.L. constraints from
the Fermi-LAT 15 years with 60 dSphs as blue (star) points. This puts a lower limit on the
DM mass mχ & 150 GeV. We have not shown in this plot the indirect detection constraints
from the cosmic-rays experiments AMS-02 because of their large systematic uncertainties.
However, in the future such uncertainties may be reduced, allowing experiments like AMS
and CTA) to provide another complementary probe, and hopefully discovery, of this model.
In summary, this framework of WIMP dark addresses the hierarchy problem without
colored symmetry partners, and consequently is only tuned at the 10% level while agreeing
with all experimental bounds. However, existing experiments will soon be able to discover
or exclude these more natural realizations of the model. After the searches of the HL-LHC
run and next generation direct detection experiments models with fine tuning at or better
than 1% may be thoroughly probed.
– 25 –
Acknowledgements
We thank Zackaria Chacko for encouraging this study. We also thank Matthew Low and
Roni Harnik for enlightening discussions along with Lingfeng Li and Ennio Salvioni for
assistance with quirk dynamics. A.A. and S.N. are supported by FWO under the EOS-
be.h project no. 30820817 and Vrije Universiteit Brussel through the Strategic Research
Program “High Energy Physics”. C.B.V is supported in part by NSF Grant No. PHY-
1915005 and in part by Simons Investigator Award #376204.
A SO(7) Generators
In this appendix we collect all the relevant details. The SO(7) generators in the funda-
mental representation can be written as,
T
aL,R
ij = −
i
2
[
1
2
abc
(
δbi δ
c
j − δbjδci
)
± (δai δ4j − δaj δ4i )] , aL,R = 1, 2, 3, (A.1)
T abij = −
i√
2
(
δai δ
b
j − δaj δbi
)
, b = 5, 6; a = 1, . . . , b− 1, (A.2)
T aˆij = −
i√
2
(
δaˆi δ
7
j − δaˆj δ7i
)
, aˆ = 1, . . . , 6, (A.3)
where i, j = 1, . . . , 7. We have chosen the normalization Tr
[
T aT b
]
= δab. The un-
broken generators T
aL,R
ij , T
ab
ij correspond to the SO(6), whereas the broken generators
T aˆij correspond to the SO(7)/SO(6) coset. Note that T
aL,R
ij correspond to the custodial
SO(4)C ∼= SU(2)L × SU(2)R subgroup of SO(6).
B Feynman rules and Quirk Processes
In this appendix we record formulae for quirk production and decay widths. The relevant
Feynman rules are given in Table 1. The decays are typically similar to the results [100, 101],
using the methods outlined in [102, 103]. The couplings of the Z to fermions are taken to
be
g
2cW
γµ(vi − aiγ5), (B.1)
where cW ≡ cos θW . For convenience we define the following
Ri =
m2i
M2
, βij =
√
1− 2(Ri +Rj) + (Ri −Rj)2, (B.2)
where M is the mass of the relevant bound state. The number of colors in the quirk
confining group is Nĉ.
We calculate the cross section pp → Z, γ → ff from the quark q initiated partonic
cross section σ˜ into a quirk Q pair by
σ(pp→ QQ)(s) =
∑
q
∫
4m2
Q
s
dτLqqσ˜(qq → QQ)(s˜ = τs), (B.3)
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hχ p1
χ∗ p2
iv
cv
[(p1 + p2)2
f 2
− 2c2vλhχ
]
h
p1h
p2h
i2vcv
[(p1+p2)2−p1 ·p2
f 2
−3c2vλh
]
χ p1
χ∗ p2
h
h
i
[(p1 + p2)2
f 2
− 2c2vλhχ
]
h
V
V
i2cvm
2
V
v
, V =W±, Z
χ
χ∗
T̂±
T̂±
i λt
f

−s2θ ++
c2θ −−
−cθ sθ −+
sθ cθ +−
h
f
f
−icv yf√
2
χ
T̂±
V̂
−i λt
{
−sθ +
cθ −
W
b̂
T̂ i±
ig γµ√
2

cθ i+ i :L,R
−sθ L−
sθ R−
ĝ
f̂
f̂
i gŝ γ
µ, f̂= T̂±, b̂, V̂
γ
f̂
f̂
i e γµQf̂
h
T̂L±
T̂R±
−iλt√
2

−sθ(cvcθ−
√
2svsθ) ++
−cθ(cvsθ+
√
2svcθ) −−
cθ(cvcθ−
√
2svsθ) −+
sθ(cvsθ+
√
2svcθ) +−
Z
f̂i
f̂i
ig γµ
2cW

c2θ − 43s2W i++ i :L,R
s2θ − 43s2W i−−
±sθcθ L(R)−+
1− 2
3
s2W b̂ b̂
4
3
s2W V̂ V̂
Table 1: Some of the most relevant Feynman rules of our model are listed in this table, see the
text for the corresponding notation.
where
Lqq(τ) =
∫ 1
τ
dx
x
[
fq(x)fq
(τ
x
)
+ fq
(τ
x
)
fq(x)
]
, (B.4)
is defined in terms of the MSTW2008 PDFs [60] fq(x), we take the factorization scale to
be
√
s˜/2.
Because the quirk states decays from all ` > 0 states are strongly suppressed [35]
we only consider decays of the singlet 1S0 and triplet
3S1 states. Each of these decay
widths depends on the radial wavefunction R(0) of the quirk bound state. This factor is
nonperturbative and not exactly known, so we simply give each decay width in units of the
unknown factor |R(0)|2.
The neutral states are composed of fermionic quirks Q with mass mQ. In this case
the Z couplings are labeled vQ and aQ, and the electric charge is denoted QQ.
4 The mass
is denoted mQ and we take the meson mass to be M , which for heavy constituents is
approximately 2mQ.
We begin with decays to fermion pairs. These fermions have Z couplings vf and af as
4This introduces a relative factor of two compared to the Z couplings used by [100, 101].
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well as electric charge Qf . They also come in Nc colors. The decays to ff are,
Γ(1S0 → ff) =
2NĉNcα
2
Wa
2
fa
2
Qm
2
fm
2
Q
c4Wm
4
ZM
2
βff , (B.5)
Γ(3S1 → ff) =NĉNcα
2
W
12M2
βff
[
(1 + 2Rf )
(
4s2WQQQf +
vQvf
c2W (1−RZ)
)2
+
v2Qa
2
fβ
2
ff
c4W (1−RZ)2
]
,
(B.6)
where αW ≡ g2/(4pi). Next, we turn to decays into Zγ,
Γ(1S0 → Zγ) =
8NĉαWαQ
2
Qv
2
Q
c2WM
2
(1−RZ), (B.7)
Γ(3S1 → Zγ) =
8NĉαWαQ
2
Qa
2
Qm
2
Q
3c2Wm
2
ZM
2
(1−R2Z). (B.8)
The decays to ZZ 5,
Γ(1S0 → ZZ) =
Nĉα
2
W (v
2
Q + a
2
Q)
2
4M2c4W (1− 2RZ)2
β3ZZ , (B.9)
Γ(3S1 → ZZ) =
Nĉα
2
W v
2
Qa
2
Q
3c2WM
2RZ(1− 2RZ)2β
5
ZZ . (B.10)
Next, to Zh,
Γ(1S0 → Zh) =
Nĉα
2
Wa
2
QM
2
16m4Zc
4
W
β3Zh, (B.11)
Γ(3S1 → Zh) =
Nĉα
2
W v
2
QβZh
12c2WM
2m2W
{[
2 +
1
4RZ
(1 +RZ −Rh)2
] [
2mQRZ
1−RZ −
vλQ(1 +RZ −R2W )
1−RZ −Rh
]2
+
vλQβ
2
Zh(1−Rh +RZ)
2RZ(1−RZ −Rh)
[
2mQRZ
1−RZ −
vλQ(1 +RZ −R2W )
1−RZ −Rh
]
+
β4Zhv
2λ2Q
4RZ(1−RZ −Rh)2
}
,
(B.12)
where λQ is the Yukawa coupling of the quirks to the Higgs. Finally, to hγ,
Γ(1S0 → hγ) =0, (B.13)
Γ(3S1 → hγ) =
NĉαQ
2
Qλ
2
Q(1−Rh)
3piM2
. (B.14)
One might expect decays to scalar pairs like hh and, in the case of the X̂ and Ŷ quirks,
χχ∗. However, CP and angular momentum conservation forbid such decays from the
s-wave states, though higher angular momentum states do allow these decays.
5Note the erratum of [100] in reference to Γ(1S0 → ZZ) and Γ(3S1 → Zh). In addition, the Γ(1S0 → ff¯)
depends on the axial coupling of the 1S0 constituents to the Z, as clarified in [101].
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We now turn to decays into W+W−. We label the SU(2)L partner of Q by q, with
mass mq etc. The W couplings vW and aW are defined by the interaction
g
2
√
2
γµ(vW − aWγ5). (B.15)
We note that this decay depends upon the electric charge of particle that makes up the
bound state in a nontrivial way. This is due to the diagrams related to the t- or u-channel
exchange of the SU(2)L partner of the particle making up the bound state. Mesons made
by a quirk with positive charge involve a different diagram than those with negative charge.
None of these subtleties affect the singlet case, but we do distinguish the triplet cases as
3S
(+,−)
1 , where the superscript denotes whether the quirk has positive or negative electric
charge. The decays to W+W− are
Γ(1S0 →W+W−) = Nĉα
2
W (v
2
W + a
2
W )
2
8M2(1 + 4Rq − 4RW )2β
3
WW , (B.16)
Γ(3S
(±)
1 →W+W−) =
Nĉα
2
Wβ
3
WW
192R2WM
2
{
16v2Wa
2
Wβ
2
WW
(1 + 4Rq − 4RW )2 − 6
RW
m2Q
[
v2W (mQ −mq) + a2W (mQ +mq)
1 + 4Rq − 4RW
]2
+ (1 + 10RW )
[
4QQs
2
W +
2vQ
1−RZ ∓
mq
mQ
v2W − a2W
1 + 4Rq − 4RW
]2
+2RW (5 + 6RW )
[
4QQs
2
W +
2vQ
1−RZ ∓
v2W + a
2
W
1 + 4Rq − 4RW
]2}
. (B.17)
We also record the decays involving hidden gluons. These are taken from [104].
Γ(1S0 → ĝ ĝ) =N
2
ĉ − 1
NĉM2
α̂2s, (B.18)
Γ(3S1 → ĝ ĝ ĝ) =(N
2
ĉ − 1)(N2ĉ − 4)(pi2 − 9)
9piN2ĉM
2
α̂3s, (B.19)
Γ(3S1 → γĝ ĝ) =
4Q2f (N
2
ĉ − 1)(pi2 − 9)
3piM2Nĉ
αα̂2s, (B.20)
where we have denoted the hidden sector strong coupling by α̂s. Finally, the singlet state
can also decay to photons
Γ(1S0 → γγ) =
4NĉQ
4
Q
M2
α2. (B.21)
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